Metabolic syndrome (MS) encompasses a clustering of risk factors for cardiovascular disease, including obesity, insulin resistance, and dyslipidemia. We characterized a new mouse model carrying a dominant mutation, C57BL/ 6J-Nmf15/C (B6-Nmf15/C), which develops additional complications of MS such as adipose tissue inflammation and cardiomyopathy. A backcross was used to genetically map the Nmf15 locus. Mice were examined in the comprehensive laboratory animal monitoring system, and dual energy X-ray absorptiometry and blood chemistry analyses were performed. Hypothalamic LEPR, SOCS1, and STAT3 phosphorylation were examined. Cardiac function was assessed by echo-and electrocardiography. Adipose tissue inflammation was characterized by in situ hybridization and measurement of Jun kinase activity. The Nmf15 locus mapped to distal mouse chromosome 5 with an LOD (logarithm of odds) score of 13 . 8. Nmf15 mice developed obesity by 12 weeks of age. Plasma leptin levels were significantly elevated in pre-obese Nmf15 mice at 8 weeks of age and an attenuated STAT3 phosphorylation in the hypothalamus suggests a primary leptin resistance. Adipose tissue from Nmf15 mice showed a remarkable degree of inflammation and macrophage infiltration as indicated by expression of the F4/80 marker and increased phosphorylation of JUN N-terminal kinase 1/2. Lipidosis was observed in tubular epithelial cells and glomeruli of the kidney. Nmf15 mice demonstrate both histological and pathophysiological evidence of cardiomyopathy. The Nmf15 mouse model provides a new entry point into pathways mediating leptin resistance and obesity. It is one of few models that combine many aspects of MS and can be useful for testing new therapeutic approaches for combating obesity complications, particularly cardiomyopathy.
Introduction
The term 'metabolic syndrome' (MS) is used to describe the simultaneous occurrence of obesity, insulin resistance, dyslipidemia, and hypertension. This syndrome is emerging as one of the major medical and public health problems both in the United States and worldwide. Currently, w25% of North Americans are thought to be affected by MS (Eckel et al. 2005 , Tiffin et al. 2008 . As the epidemic of obesity shows no signs of reversing, the prevalence of the MS is likely to rise in the future (Ford et al. 2002) . Despite its high prevalence, the pathogenesis of MS is not completely understood (Olufadi & Byrne 2008) .
Although existing mouse models have been fundamental to advancing our knowledge of the basis of obesity, type 2 diabetes, and dyslipidemia, we are still at an early stage in understanding MS as a complex disorder. Traditionally, leptin-deficient (Lep ob ) and leptin receptor-deficient (Lepr db ) mice, representing extremes of obesity syndromes, have been used for studies of obesity, adipocyte dysfunction, and insulin resistance (Coleman 1985) . More recently, diet-induced and polygenic models have become increasingly used, but pose challenges for the identification of the underlying genetic causes of their phenotypes. Therefore, there remains a need for new monogenic animal models that recapitulate the complexity of the human MS. The study of two aspects of MS, in particular, would benefit from the availability of new models, adipose tissue inflammation, and obesity-associated cardiomyopathy.
Obesity-induced inflammation is characterized in part by the infiltration of macrophages and other immune cells into white adipose tissue, and has been observed in both rodents and humans (Wellen & Hotamisligil 2003 , Cancello & Clement 2006 . However, the molecular reasons for adipose tissue inflammation and macrophage infiltration in obesity are not fully understood (Heilbronn & Campbell 2008) .
Most reports of cardiac dysfunction have used type 1 diabetes-induced (T1D) models (Tomlinson et al. 1992 , Yu et al. 1994 , whose usefulness with respect to MS may be limited to hyperglycemia. Non-insulin-dependent (type 2) diabetes is a prevalent disease that results in an increase in cardiovascular complications (Grundy et al. 1999 ) among them a specific cardiomyopathy, characterized by ventricular dysfunction in the absence of atherosclerotic coronary heart disease or hypertension (Fein 1990) . The Nmf15 mouse model carries a dominant mutation generated through ENU mutagenesis. As reported herein, mice heterozygous for the Nmf15 mutation phenotypically develop late onset obesity. In addition to obesity, dyslipidemia, and adipose tissue inflammation, B6-Nmf15/C mice are also characterized by hyperinsulinemia without significant hyperglycemia. Hyperleptinemia is already found in young pre-obese mice (7-8 weeks of age) fed standard chow. In addition, B6-Nmf15/C mice develop lipid deposits in liver and kidney, and a progressive dilated cardiomyopathy (DCM). The unique combination of features in Nmf15 mice offers a useful paradigm for understanding human hyperleptinemic MS associated with obesity and cardiac failure. Since the MS in Nmf15 mice is a single gene trait, the underlying genetic cause is more easily tractable and will lead to the identification of a critical component in the disease pathway leading to MS. Nmf15 mice also represent a valuable new tool for testing new therapies.
Materials and Methods

Mice
Breeding pairs of B6-Nmf15/C mice were obtained from the Neuro Mutagenesis Facility at The Jackson Laboratory. Colonies of Nmf15 mice were maintained on an NIH mouse/rat diet with 4% fat (#5K54, PMI Feeds Inc., St Louis, MO, USA), fed ad libitum with free access to water (HCl acidified, pH 2 . . 2) under controlled temperature and humidity with a 12 h light:12 h darkness cycle (lights on from 0600 to 1800 h). All animal studies were performed with the approval of The Jackson Laboratory Animal Care and Use Committee (protocol no. 99089).
Transfer of the Nmf15 mutation onto a non-mutagenized C57BL/6J background To reduce the mutation load that is present in mutant mice obtained from an ENU mutagenesis screen, the mutant C57BL/6J-Nmf15/C (B6-Nmf15/C) mice were backcrossed to non-mutagenized C57BL/6J (B6) mice. To characterize the dominant MS mutation, B6-Nmf15/C mice beyond backcross (BC) generation 7 (ON7) were used.
Inheritance of Nmf15
An obese mouse (Nmf15) was observed in the first generation (G1) of an ENU mutagenesis screen. Breeding of the founder mouse to wt B6 confirmed that the obesity phenotype was inherited as a dominant trait. Despite several attempts either through intercrossing of B6.AKR-Nmf15/C mice or by ovarian transplant, no mice homozygous for the Nmf15 mutation were obtained.
Chromosomal mapping of the Nmf15 mutation
We conducted a genome-wide mapping study for obesity in B6-Nmf15/C mice by outcrossing to the inbred AKR/J strain mice and backcrossing male and female (AKR!B6-Nmf15/C) F1 mice to AKR/J. A cohort of BC mice from the cross was genotyped and phenotyped for body weight at 12 weeks of age. Thirty-five BC animals were genotyped using 57 evenly spaced microsatellite markers for a genome scan to locate the Nmf15 mutation. The location was confirmed and the map position refined in a second cohort of 239 BC animals genotyped using 11 microsatellite markers on chromosome 5. Isolation of genomic DNA and genotyping was described previously (Wang et al. 1997) .
Quantitative trait locus (QTL) mapping and statistics QTL analysis and genome scans were performed using the scanone and bayesint functions of the R/qtl package (http://research.jax.org/faculty/churchill/software/Jqtl/index. html) as described previously (Broman et al. 2003) . Significance of QTL logarithm of odds (LOD) scores was assessed using 1000 permutations of the phenotypic data (Churchill & Doerge 1994) . A Bayesian credible interval for chromosome 5 was computed and reported as confidence interval.
Comprehensive laboratory animal monitoring system (CLAMS)
The CLAMS (Columbus Instruments, Columbus, OH, USA) is a set of live-in cages for automated, non-invasive, and simultaneous monitoring of horizontal and vertical activity, feeding and drinking, oxygen consumption, and CO 2 production. Seven-to eight-week-old B6-Nmf15/C mice and controls were individually placed in CLAMS cages and monitored over a 5-day period. Food and water consumption were measured directly as accumulated data. The hourly file displays all measurements for each parameter: volume of oxygen consumed, ml/kg per h (VO 2 ), volume of carbon dioxide produced, ml/kg per h (VCO 2 ), respiratory exchange ratio, heat (kcal/h), accumulated food (g), accumulated drink (g), XY total activity (all horizontal beam breaks in counts), XY ambulatory activity (minimum three different, consecutive horizontal beam breaks in counts), and Z activity (all vertical beam breaks in counts). The data were recorded during the 30-s sampling period.
Dual energy X-ray absorptiometry
The LUNAR PIXImus mouse densitometer (GE Lunar, Madison, WI, USA) is a dual-energy supply X-ray machine for measuring skeletal and soft tissue mass, enabling assessment of skeletal and body composition in mice. Mice scanned alive were anesthetized with 2% tribromoethanol. Mice were individually placed on plastic trays, which were then placed onto the exposure platform of the PIXImus machine to measure body composition.
Metabolic parameters and glucose homeostasis
Blood was drawn w4 h after the onset of light from the retro-orbital plexus via heparinized capillary tubes and plasma was obtained by centrifugation (1200 g) at 4 8C. injection (1 U/kg). Blood glucose levels were monitored as above immediately prior to injection T 0 , and at 30, 60, 90, and 120 min after injection. These data were expressed as % T 0 blood glucose levels versus time.
Real-time quantitative PCR
Real-time PCR assays were performed as previously described on an ABI PRISM 7500 SDS instrument (Applied Biosystems). Samples were analyzed in triplicate in three independent runs. To quantify the gene expression profiles, we used the comparative threshold cycle method. PCR amplified 150-180 bp fragments of cDNA, IL-6 (F: GCTAAGGACCAAGACCATCCAAT, R: CTTGAACATAAGACAGATAGGACCAA), MCP-1 (FA-CTGCATCTGCCCTAAGGTCTT, R: GTGCTTGAGG-TGGTTGTGGAA), PAI-1 (F: GGCCAAAGGAAAAA-GCACTGT, R: GGGCCACCATTTGATCTGT-CTA), and TNF-a (F: GACGTGGAACTGGCAGAAGAG, R: GCCACAAGCAGGAATGAGAAG).
Histopathology of the heart, liver, and kidney
Tissues of B6-Nmf15/C mice and age-matched littermate controls were harvested, washed with ice-cold PBS, and either fixed in 10% formalin or in Streck's tissue fixative (Streck Laboratories, Omaha, NE, USA) overnight and were finally paraffin embedded. Histochemical analysis was carried out on 4-mm-thick sections using hematoxylin and eosin (HE) and trichrome staining.
Oil-Red-O staining
Frozen 10-mm-thickness cryosections from liver and kidney were fixed with 10% formaldehyde. Approximately, 5 min 2) The circles above and below the box represent the values of BW from animals that are higher than group S.D. and lower than group S.E.M. respectively.
3) The line inside of the box is the mean value. 4) The box is representing the range of total animals' body weight distribution.
after the fixation, Oil-Red-O stain (Oil-Red-O stock solution saturated in isopropanol (Rowley Biochemical Institute, cat: So-385) was used for 10 min to stain for lipid accumulation. After rinsing with distilled water, the slides were stained in Mayers Hematoxylin for 5 min, washed with distilled water for 15 min, and mounted with aqueous solution. Sections were visualized at a magnification of !40 and !100.
Echocardiography
Vevo 770 High-Frequency Ultrasound equipment (Visualsonics, Toronto, Ontario, Canada) was used. Animals were anesthetized with 5% isoflurane at 0 . 8 l/min and maintained anesthetized with 1-1 . 5% isoflurane at 0 . 8 l/min. Animals were allowed to recover under a heat lamp upon completion of imaging.
Electrocardiogram
The animals were restrained in a Murine ECG Restrainer from QRS Phenotyping Inc. (Calgary, Alberta, Canada), and the signal acquisition used a PowerLab system from AD Instruments (Golden, CO, USA). To perform an electrocardiogram (ECG) on anesthetized mice, the animals were anesthetized with 5% isoflurane at 1 l/min and maintained at 1 . 5% at 0 . 8 l/min. Body temperature was maintained with an overhead heat lamp. A three-lead configuration was used to acquire the electrical signals.
Measurement of blood pressure
The CODA6 non-invasive blood pressure (BP) system (Kent Scientific, Torrington, CT, USA) was used to measure BP parameters: systolic, diastolic, mean, heart pulse rate, tail blood volume, and tail blood flow. Mice were placed in a clear plastic tube with nose cone and tail hole pieces secured at either end. These tubes were then placed on a platform heated to w35 8C and the mice were allowed to warm to platform temperature for 5-15 min prior to the experiment. Mice were habituated to the procedure with 10-30 preliminary cycles; thereafter, 30 data measurements were recorded for each mouse. Measurements were performed at the same time each day, generally between 0700 and 1100 h in a sound-barrier room.
In situ hybridization
Adipose tissue was fixed in 4% paraformaldehyde PBS for 18 h, dehydrated, and embedded in paraffin. A minimum of three samples from three different animals in each group were used for this experiment. Sections of 6-mm thickness were cut and mounted on slides pre-treated with poly L-lysine (Sigma). The sense and antisense riboprobes were generated from plasmids containing cDNA fragments of F4/80 labeled by digoxigenin.
Measurement of JUN N-terminal kinase activation
The phosphorylation status at threonine 183 and tyrosine 185 of JUN N-terminal kinase ( JNK) 1/2 was assayed using a commercial antibody beadkit for phospho-JNK1/2 [pTpY 183/185] (Cat. LHO0081, Biosource, Camarillo, CA, USA). Open and filled symbols represent B6-C/C and B6-Nmf15/C mice respectively. Squares and circles represent male and female respectively (nZ50-100). DEXA analysis of body composition, body fat content, and lean body mass from both B6-Nmf15/C and control mice (nZ8) at 12-14 weeks of age (B and C). Daily pattern of activity (D), food intake (E), and oxygen consumption (F) at 8 weeks of age (nZ8). *P!0 . 05, **P!0 . 01 for B6-Nmf15/C samples versus the respective B6-C/C samples.
Y WANG and others . Metabolic syndrome in Nmf15 mice
Western-blot analysis
After an overnight fast, mice were injected with saline or leptin i.p. (3 mg/kg). Five hours later, mice were anesthetized before decapitation, and the brain was rapidly removed (Martin et al. 2006) . Using a cooled mouse brain matrix with 1-mm section dividers, the hypothalamus was dissected as described previously (Munzberg et al. 2004 , Martin et al. 2006 . Hypothalamus tissue lysates were prepared as described previously (Martin et al. 2006) . Phosphorylation of STAT3 in the hypothalamus was determined by western-blot analysis of 4-12% SDS-acrylamide gels using an antibody against phosphotyrosine705 (Cell Signaling, Danvers, MA, USA) of STAT3 (Cell Signaling). The measurements of phosphorylation of JKN1/2 in adipose tissue and LEPR and SOCS1 in the hypothalamus were carried out by westernblot analysis of 10% SDS-acrylamide gels using antibodies against phosphorylated JKN1/2 (Cell Signaling), LEPR (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and SOCS1 (Abcam, Cambridge, MA, USA) respectively.
Statistical analysis
Values are expressed as meanGS.E.M. All groups of animals were studied in parallel. Comparisons between different groups were performed by Student's t-test for unpaired samples.The level of significance was P!0 . 05.
Results
Mapping of the Nmf15 locus
To genetically map the Nmf15 mutation, mutant mice were outcrossed to the strain AKR/J and the F1 generation backcrossed to AKR/J to produce a mapping panel.
Twelve-week body weight was used as a quantitative trait (Fig. 1A) . We initially mapped the body weight trait to chromosome 5 with a suggestive LOD score of 2 . 25 (Fig. 1B) . To confirm and refine the map position, a second BC cohort was analyzed using additional, more closely spaced markers on chromosome 5. The Nmf15 map position was confirmed with a peak LOD score of 13 . 8 on distal chromosome 5. The 95% confidence interval was between 44 and 60 cM (Fig. 1C) .
B6-Nmf15/C mice are obese and have decreased activity levels and reduced oxygen consumption Body weight and body composition from dominant obese B6-Nmf15/C mice were measured. The body weight changes in B6-C/C and B6-Nmf15/C mice from 4 to 20 weeks of age are shown in Fig. 2A . At 12 weeks of age, B6-Nmf15/C mice are heavier than controls Cohorts of nZ20 (A and B) and nZ4 (C) were used. *P!0 . 05, **P!0 . 01 for B6-Nmf15/C samples versus the respective B6-C/C samples. This increase was exclusively due to an increase in body fat, since lean body mass was not different in B6-Nmf15/C mice compared with their littermates at 12-14 week of age. The body fat gain of B6-Nmf15/C mice was more than three times higher (15 . 2 g) than that of control mice (5 . 2 g; Fig. 2B and C). B6-Nmf15/C and control mice at 8 weeks of age (pre-obese) were housed in the CLAMS. All animals were single housed in the metabolic cages over a 5-day period for collection of data. Only the last 3-day period was analyzed to reduce variation introduced by adapting to a new environment. Figure 2 shows the daily patterns of metabolic measurements. Total locomotor activity was reduced (Fig. 2D) , and the overall food intake was the same in B6-Nmf15/C mice compared with littermate controls, indicating that B6-Nmf15/C mice are not hyperphagic (Fig. 2E) . There was decreased consumption of oxygen (Fig. 2F ) during the darkness and light periods, perhaps reflecting the reduced activity levels. The respiratory quotient, indicative of macronutrient utilization, was not different between B6-Nmf15/C mice and littermate controls (data not shown).
B6-Nmf15/C mice are hyperleptinemic and show reduced leptin sensitivity in the hypothalamus
A panel of immunoassays for mouse adipokines was used to profile longitudinal changes in B6-Nmf15/C mice between 8 and 32 weeks of age ( Fig. 3A and B) . Both female and male B6-Nmf15/C mice at 8 weeks did not show a significant difference in body weight and body fat compared with their controls (Fig. 2A) . However, leptin levels were already significantly elevated in young pre-obese B6-Nmf15/C mice (13 560G4600 vs 2300G447, P!0 . 005; Fig. 3A ). Circulating adiponectin levels in B6-Nmf15/C mice were slightly higher than their controls at 8 and 16 weeks, but not different by 32 weeks of age (Fig. 3B) . There was no difference in the levels of resistin between B6-Nmf15/C mice and normal littermates (data not shown).
To assess whether the high leptin levels in Nmf15 mice may be caused by leptin resistance, the hypothalamic protein levels of LEPR and SOCS1 were determined.
Increased levels of Leptin receptor (2 . 5-fold) and SOCS1 (1 . 35-fold) were observed in Nmf15 mice compared with their controls (Fig. 3C and D) . We also measured STAT3 activation in the hypothalamus. In our study, STAT3 phosphorylation was increased 1 . 7-fold in control mice after leptin stimulation, but was not significantly increased in Nmf15 mice (Fig. 3E ). Table 1 shows baseline data for blood constituents in 20-25-week-old male B6-Nmf15/C mice. No differences were detected in plasma glucose, but hyperinsulinemia was observed in male B6-Nmf15/C mice from 16 weeks of age (Fig. 4A ). There were elevated levels in triglyceride (143G3 . 8 vs 95 . 3G7 . 5 mg/dl, P!0 . 03) and free fatty acid (4 . 72G0 . 5 vs 3 . 4G0 . 3 mEq/l, P!0 . 05) between B6-Nmf15/C mice and normal littermates (Table 1) . Nmf15 mice exhibited impaired glucose tolerance (Fig. 4C) , and these mice were unresponsive to exogenous insulin during an ITT (Fig. 4B) , indicating marked insulin resistance.
B6-Nmf15 mice have impaired glucose metabolism
B6-Nmf15/C obese mice develop cardiomyopathy, renal lipidosis, and adipose tissue inflammation B6-Nmf15/C mice also demonstrate both histological and pathophysiological evidence of cardiomyopathy. Histological analysis revealed that hearts from 20-week-old B6-Nmf15/C mice displayed distinguishable chamber dilation and decreased thickness of the ventricular wall (Fig. 5B ) in comparison with their controls (Fig. 5A) . To characterize the disease phenotype, we conducted echocardiography to assess global cardiac function in B6-Nmf15/C mice in comparison with age-matched littermate controls. Echocardiography (echo) demonstrated that left ventricular ejection fraction (LV EF), left ventricular shortening (LV ES), and cardiac output were reduced and the LV cavity was dilated in B6-Nmf15/C mice at 20 weeks of age (Table 2 ). There was a tendency towards lower BP (106G22 vs 95G24/mmHg) and a significant decrease in pulse rate (711G15 . 7 vs 652G13 . 9, P!0 . 05/beats per min) in B6-Nmf15/C mice at 12-16 weeks of age (Fig. 5E ). Livers from B6-Nmf15/C animals exhibited a classical 'nutmeg' appearance with dark red areas of central venous congestion (Fig. 5D ) compared to normal liver histology in B6-C/C mice (Fig. 5C ). Long-standing chronic passive congestion of the liver is characterized by congested parenchyma around the central veins surrounded by paler peripheral tissue. Nutmeg liver is thought to be caused by chronic passive congestion of the liver secondary to heart failure (Kawase et al. 2002) .
Lipid deposits have been observed in multiple tissues in obese B6-Nmf15/C mice. Kidney vacuolizations were found in B6-Nmf15/C mice at 20-25 weeks age. Vacuoles were present in proximal tubule epithelial cells and proteinaceous material accumulated in the tubules (Fig. 6B) . Signs of glomerulosclerosis were also observed in the kidney of B6-Nmf15/C mice (Fig. 6B, D, and F) . Frozen sections of the kidney from B6-Nmf15/C mice Figure 5 Histology and ECG analysis of cardiomyopathy in obese B6-Nmf15/C mice. HE histological cross sections of hearts from 20 to 25-week-old B6-Nmf15/C mice (B), and their littermate controls (A). The arrows mark the thickened ventricular wall. Normal liver histology in B6-C/C(C). Nutmeg 'speckled' liver was observed in B6-Nmf15/C mice (D). The arrow marks the dark red areas of central venous congestion characteristic of 'nutmeg' liver. Measurements of blood pressure and heart rate (E) (nZ12). Representative images from a total of nR10 mice examined are shown. were strongly stained by Oil-Red-O for lipid in tubular epithelial cells (Fig. 6D ) and in glomeruli (Fig. 6F) . Staining for lipid on frozen sections from the littermate controls yielded negative results. The livers in both male and female B6-Nmf15/C mice were significantly larger than those of their littermate controls. The macro-and microvesicular lipid deposits using HE staining and Oil-Red-O frozen staining revealed remarkable hepatosteatosis in B6-Nmf15/C mice ( Fig. 6H and J) . Adipose tissue from B6-Nmf15/C mice showed a remarkable degree of inflammation and macrophage infiltration. Histological analyses revealed mononuclear infiltrates in white adipose tissue from B6-Nmf15/C mice. The majority of infiltrating cells were macrophages ( Fig. 7B and D) , as in situ hybridization assays demonstrated that they expressed the macrophage-specific marker F4/80 (Fig. 7D) . Activation of JNK (now called MAPK8) has been associated with obesity-induced inflammation in adipose tissue (Solinas et al. 2007 ). We analyzed JNK1/2 phosphorylation in protein extracts from adipose tissue of B6-Nmf15/C mice and controls. As shown in Fig. 7E , JNK phosphorylation was enhanced twofold in B6-Nmf15/C mice compared with their controls. Furthermore, we measured the protein and phosphorylation levels of JNK in B6-Nmf15/C mice by western blotting. Phosphorylation of JNK in adipose tissue of B6-Nmf15/C mice was significantly increased compared with controls (Fig. 7F) . Adipose tissue is an important endocrine organ producing various cytokines that are involved in inflammatory pathways, such as IL-6, TNF-a, MCP-1, and PAI-1 (Kershaw & Flier 2004) . Adipose cytokine gene expression levels (IL-6, TNF-a, MCP-1, and PAI-1) in adipose tissue of B6-Nmf15/C mice were all significantly higher than in controls (Fig. 7G) . 
Discussion
The MS is a cluster of metabolic abnormalities, including obesity, insulin resistance, and dyslipidemia, which individually and collectively are major risk factors for cardiovascular disease. More recently, it has been proposed that an inflammatory state induced by obesity may underlie many of these risk factors (Rana et al. 2007) . Here, we describe a new mouse model of obesity, Nmf15, which combines several of the features and complications of human MS, including adipose tissue inflammation and cardiomyopathy.
A genome-wide scan using microsatellite markers was carried out and the Nmf15 mutation was mapped to distal chromosome 5. No previously mapped genes in this area have been associated with obesity or leptin signaling. However, QTL affecting body weight in four different crosses have been mapped to the same region (Brockmann et al. 2000 , Togawa et al. 2006 . Potential candidate genes in the region include thyroid hormone receptor-associated protein 2 (Med13l), neuropeptide FF receptor 2 (Npffr2), G-coupled protein receptor 81 (Gpr81), and carbohydrate response elementbinding protein (Mlxipl) . Analysis of the cDNA of these genes did not detect any sequence variation. The Nmf15 locus in the distal region on mouse chromosome 5 shares conserved synteny with a region of human chromosome 7. Two studies have recently reported that a novel locus for autosomaldominant cardiomyopathy maps to this region (Schonberger et al. 2005 , Song et al. 2006 . The Nmf15 locus is, therefore, likely to encode a previously undescribed signal or factor essential for the development of obesity and cardiac failure in Nmf15 mice, or defines a previously unknown function for a known gene. Hotamisligil et al. (1993) have demonstrated the existence of an inflammatory state involving the adipose tissue for the first time in 1993. Adipocytes are the most important source of adiponectin. A strong epidemiological relationship between low circulating adiponectin and diabetes, MS, and cardiovascular disease has been reported in humans (Chandran et al. 2003 , Fantuzzi 2005 . B6-Nmf15/C mice showed initially increased plasma adiponectin levels compared with controls, but the levels declined later in the development of the B6-Nmf15/C obesity syndrome (Fig. 3B) . Todoric et al. (2006) reported that high-fat diet-induced downregulation of adiponectin gene expression in Lepr db mice was paralleled by reduced adiponectin serum concentration. NONcNZO5, a polygenic obesity syndrome mouse strain, showed a tendency for first increased and then reduced serum adiponectin levels during aging and progression of the obesity phenotype (Leiter et al. 2007) . Several reports have ascribed anti-inflammatory effects to adiponectin, including inhibition of TNF production and activity, inhibition of nuclear factor-B activation, induction of anti-inflammatory cytokines, as well as downregulation of adhesion molecules (Wolf et al. 2004 , Yamaguchi et al. 2008 . This indicates that adiponectin may be induced as a protective response to adipose tissue inflammation. As the inflammation in B6-Nmf15/C mice progresses, however, the protective mechanisms may become overwhelmed and adiponectin levels decline.
The finding that B6-Nmf15/C mice are hyperleptinemic before the increase in adipose tissue mass suggests that leptin resistance underlies the observed phenotypes. This is supported by our finding that the downstream intermediate of the leptin-signaling pathway, STAT3, is not phosphorylated in the hypothalamus in response to leptin stimulation in Nmf15 mice as it is in control B6 mice. Obese rodents, and humans, are resistant to leptin, in some cases because of genetic disposition (primary resistance), but commonly in response to high leptin levels (secondary resistance; Arch 2005). In the latter cases, it is likely that an extended period of exposure of the brain, especially the hypothalamus, to a high level of leptin may result in the development of central leptin resistance and unsuppressed insulin secretion. Leptin resistance in peripheral tissues also has a role in the development of co-morbidities in obesity (Banks 2008) . The leptin resistance observed in B6-Nmf15/C mice suggests that leptin signaling does not function properly. The brain may not receive messages (defect in leptin transport) or may be unable to relay signals to the peripheral metabolic organ systems (impaired signaling pathways).
B6-Nmf15/C mice are leptin resistant, but maintain a normal food intake. Therefore, the obese phenotype of B6-Nmf15/C mice is not caused by hyperphagia as in Lepr db mice, but rather by altered effects of leptin on energy expenditure in the periphery or in the brain. Our observation that B6-Nmf15/C mice show reduced locomotor activity in the metabolic cages supports that notion.
Plasma enzyme activities indicated that B6-Nmf15/C mice experience some stress on organs leading to tissue damage. This was confirmed by histology showing abnormalities in pancreas, kidney, heart, and the liver. The pancreatic islet hyperplasia is consistent with the hyperinsulinemia observed in male B6-Nmf15/C mice. Plasma glucose levels, however, were not different in B6-Nmf15/C mice compared with controls. It is commonly observed that obesity mutations on a B6 genetic background do not lead to the development of diabetes, whereas the same mutations on a diabetogenic background, such as C57BLKS, will produce hyperglycemia. This presumably reflects the presence of deleterious alleles in some mouse strains promoting decompensation of pancreatic b-cells. Kimmelstiel & Wilson (1936) demonstrated the presence of lipid deposits in the kidneys of diabetic patients, and they suggested that these lipids play an important role in the pathogenesis of renal disease. Since then, several investigators have shown the accumulation of lipids in the kidneys of diabetic humans and experimental animals (Moorhead et al. 1982 , Ruan et al. 2004 , Proctor et al. 2006 . Our finding of early signs of glomerulosclerosis and lipid deposits in the kidneys of a normoglycemic model of MS may indicate that insulin and/or leptin resistance in MS already set up pathological changes that are then exacerbated by the high glucose levels in diabetes to progress to diabetic nephropathy.
Our finding of DCM in the hyperleptinemic B6-Nmf15/C mice is intriguing. Bradycardia and PR interval lengthening as in Nmf15 mice have been observed in human obese patients (Frank et al. 1986) and DCM is frequently associated with ECG abnormalities. The effects of the adipocyte-derived hormone leptin on the cardiovascular system have recently attracted more attention (Soderberg et al. 1999 (Soderberg et al. , 2003 , and there is growing interest in the cardiovascular activity of the leptin-signaling pathway (Yamagishi et al. 2001) . Expression of several isoforms of the leptin receptor (both long and short) has been demonstrated in the myocardium and in isolated myocytes (Aasum et al. 2003) suggesting specific effects of leptin in the heart. Altered levels of leptin and its receptor have been described in patients with chronic heart failure (Garg & Yusuf 1993 , Patterson & Adams 1996 . Several studies have shown a correlation between hyperleptinemia and cardiac hypertrophy (Buckingham et al. 2005) , and increased leptin levels correlate with myocardial wall dysfunction (Abel et al. 2008 , He et al. 2008 .
Mice with mutations in the leptin receptor have been shown to develop cardiomyopathy (Yue et al. 2007) indicating that leptin resistance can contribute to diabetic myocardial disease. Conversely, leptin has been shown to exert protective effects against lipotoxic cardiomyopathy (Lee et al. 2004) .
It remains an open question whether cardiomyopathy in obesity is due to hyperleptinemia or to leptin resistance. On the one hand, many epidemiological and biochemical studies associate hyperleptinemia with cardiomyopathy. On the other hand, cardiomyopathy in Lep ob mice arises from leptin deficiency and can be reversed by leptin treatment, indirectly implicating leptin resistance in human obesity-associated cardiomyopathy. In the special case of the Nmf15 mutant mice, it remains possible that direct effects of the mutated gene in cardiac tissue lead to cardiomyopathy.
Our characterization of the Nmf15 mice shows that this novel model for MS will be useful for studying leptin resistance and the etiology of leptin resistance-associated cardiomyopathy, and will contribute to a better understanding of the molecular causes of this recently recognized complication of MS.
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